Active mode locking is reported for a 1.55
expander, placed in a wavelength tuneable external cavity. The waveguide is curved to reduce the reflectivity at only one facet, and the active region tapers down towards this facet to allow the guided mode to expand into an underlying passive waveguide. This further reduces the reflectivity due to the smaller divergence of the expanded mode, whilst also enhancing the coupling efficiency and relaxing alignment tolerances out into the external cavity. The resulting inner facet reflectivity is 8 x 10 -6 , while the outer facet maintains a conventional reflectivity of approximately 0.3. These features make the device ideal for use in an external cavity setup, and to the authors' knowledge this is the first time such a design of device has been mode locked. With non-optimised pulse compression, 2.5 GHz pulses of 2.9 ps duration have been generated with a linewidth of 1.09 nm. In harmonic operation, 10 GHz pulses of 3.1 ps duration have been obtained, with a linewidth of 0.81 nm. Together with its wavelength tuning capability, these features make
INTRODUCTION
This paper presents the mode locking of a novel design of semiconductor laser in order to create ultrashort optical pulses for use in high speed optical communications. This first section introduces the range of applications for ultrashort pulses, as well as the variety of methods available to create such pulses from semiconductor lasers. The second section will focus on the design of device being used, with section three detai ling the experimental work that has taken place. The results will be presented in section four and, finally, section five will conclude the paper with a summary of the work.
Applications of ultrashort optical pulses
The following is a review of some of the key applications of ultrashort optical pulses in a diverse array of fields ranging from optical communications to medicine.
Optical time division multiplexing (OTDM)
The modulation limit of the majority of optical communications sources currently deployed is 10 GHz. Higher speed sources and transmission is currently the basis of a great deal of research, and such sources will need to emit short duration pulses to fit within the smaller bit periods (for example 25 ps for 40 GHz). As well as requiring laser sources that can be modulated at the higher frequency and with short pulsewidths, there is also the need for new detectors capable of sensing such fast signals, and all of the related high-speed electronics that accompanies such a system.
One method designed to ease the burden on advances in electronics and detectors is optical time division multiplexing (OTDM). 1 The principle is to combine several signals of a lower modulation frequency to make a composite higher modulation frequency signal. At the receiving end, the signal is demultiplexed into its constituent lower bit-rate signals, which can then be handled with equipment designed for this lower modulation frequency. Using this method it is possible, for example, to transmit a 40 Gbit/s signal with the only electronics required being those specified at 10 Gbit/s. The device described in this paper is suggested as a suitable source for such an OTDM system.
Optical clock recovery
Receivers in an optical network need to know at which point to make the decision of whether they are receiving a 1 or a 0 bit. It is the role of clock recovery at the receiving terminal to extract the timing information from the incoming data that enables it to know exactly when to look for each bit of information. This crucially gives the best possible chance of interpreting each bit correctly. Traditionally this has been achieved through electronic means, but ultrashort optical pulse streams can also be used to synchronise to the incoming bit stream and provide a clear timing signal for the receiver.
2, 3, 4
Optical time domain reflectometry (OTDR)
Fault location in optical fibres, that may typically be under a busy road or perhaps even at the bottom of the ocean, is naturally a critical process. The technique of optical time domain reflectometry (OTDR) involves sending a short optical pulse through a fibre and monitoring the light reflected back. 5 By plotting out the reflected power over time, a loss profile of the fibre can be formed. Sharp peaks in reflection will typically be caused by a break in the fibre, whereas a sharp decrease in signal may represent some increased localised loss such as that due to a splice. The distance to the source of a fault can be calculated from the propagation time, and then the fibre can be investigated at that precise location.
Optical sampling
With increasingly high bit rate data transmissions, it becomes ever more challenging to accurately measure the optical waveforms being transmitted. The principle of optical sampling is to combine a high bit rate signal at frequency f 0 , with a stream of short optical pulses at a lower frequency f 0 -∆ f. The optical nonlinear effect of sum-frequency mixing can then be used 6, 7 to extract information about the signal at the frequency ∆ f. The generated signal is now at a much lower repetition frequency and can be analysed with conventional detection te chniques, with a resolution of the order of the pulsewidth of the sampling pulses being used.
Generating short electrical pulses
Within semiconductor materials, photons can be absorbed and electron-hole pairs created within femtoseconds. 8 As a result, short optical pulses incident upon a semiconductor material can readily create short electrical pulses, with applications including optoelectronic switches, electrical correlation, 9 and the generation of millimetre-waves 10 and microwaves. 
Electro-optic sampling
When an electric field is applied to a crystal that has an optical signal passing through it, the polarisation of the light may be changed due to the electro-optic effect. By transmitting an electrical signal through such a crystal and directing a short laser pulse through it at the same time, the interaction between the two causes the output light to be related to the electrical signal. 8 Various sampling methods can be used and applied to monitoring the behaviour of high speed electrical circuits.
12, 13
Micromachining
Short optical pulses are increasingly finding industrial applications in micromachining, where thin layers of materials need to be removed. The key advantage of picosecond pulses over more traditional laser micromachining is that there is a minimum of thermal or shock damage to the surrounding area. be created with the help of ultrafast optical pulses. 15 Femtosecond visible pulses incident upon a semiconductor crystal can generate the terahertz waves through difference-frequency mixing, whereby a pulse with frequency f 1 +f 2 interacts within a nonlinear crystal with a pulse at a frequency f 1 . The result is a new source of femtosecond pulses at f 2 . The terahertz waves are directed at the subject, and time-of-flight measurements of the reflected beams can give a full 3D image.
Surgical procedures
Pulsed optical sources are also finding applications in surgical procedures that require precision drilling of holes. In heart and spinal surgery, for example, they provide the accuracy required, while also giving significantly less damage to surrounding tissue compared with non-pulsed lasers. 16 Within the field of vision-correction surgery pulsed laser sources are also being used.
Light detection and ranging (Lidar)
Optical pulses can be used as radars in much the same way as they are used in OTDR applications. In their radar function, pulses are aimed at targets and the time taken for a reflected signal to be received is used to calculate the target's distance from the receiver. 17, 18 Variations in distance readings for successive pulses can be used to calculate an object's speed, 19 and studying the characteristics of the reflected light allows identification of particles in the atmosphere. 20 
Methods of ultrashort pulse generation
The three main methods of obtaining ultrashort optical pulses from lasers will now be considered.
Mode locking
Lasers will generally emit a small range of wavelengths, and these different modes will usually have random phases with respect to each other. The process of mode locking involves forcing a group of these cavity modes to be in phase, and as such cause the laser to emit regular pulses of light. If the mode locking can be optimised, these pulses will have a very short duration, perhaps lasting for only picoseconds.
A range of experimental techniques exists to realise this process. With active mode locking of semiconductor lasers, an alternating current (referred to as RF) is added to the usual DC bias being applied to the device. The frequency of the RF signal is matched to the roundtrip frequency of the laser cavity, with the amplitudes of the DC and RF being adjusted so that the variation in current only brings the device carrier density above threshold very briefly in each cycle of the modulation. When the cavity round trip frequency (or a multiple of it) is matched to the modulation frequency, this provides mode locking and pulses are emitted at this modulation frequency. The experiment being described in this paper involves the active mode locking of a semiconductor laser.
In passive mode locking only a DC bias is applied to the semiconductor laser, with a saturable absorber region within the laser used to generate the pulses. In the steady state the loss is greater than the gain, and so as the laser light first reaches the saturable absorber it experiences loss. The stimulated emission then builds to the point at which it saturates the absorbing region, which allows just the peak of the pulse to travel through. For this brief period, the gain is greater than the loss, and a short duration pulse of light is amplified. The recovery time of the absorber must be faster than that of the gain section to ensure that the loss quickly reverts back to being greater than the gain, and the light experiences loss once more. To achieve stable passive mode locking it is necessary to have a pulse repetition rate of the order of the gain/loss recovery time, with the repetition rate once again depending on the round trip frequency of the laser cavity.
The technique of hybrid mode locking entails applying RF to a device including a saturable absorber region, and is therefore a combination of both active and hybrid mode locking. Of all of the techniques for ultrashort pulse generation, the shortest pulses can be obtained through mode locking with pulsewidths of the order of femtoseconds being obtainable. 
Gain switching
The technique of gain switching involves applying short electrical pulses or a sinusoidal current to a semiconductor laser, in order to bring its carrier density above the threshold value only briefly for each modulation period. The aim is to have the lasing only occurring for a brief time -short enough to emit an optical pulse and then avoid subsequent spikes from the relaxation oscillation s being emitted. 8 The laser cavity roundtrip frequency does not need to match that of the electrical pulses with gain switching, but without the enhancements of the mode locking process, pulsewidths are limited to the picosecond range.
Q switching
The Q factor of a device defines the relationship between the optical power in the laser cavity, and that emitted from its facets. The altering of this factor in order to generate short optical pulses is known as Q switching. In active Q switching, an external electrical or optical modulation can be used to introduce losses within in the cavity and generate short optical pulses. 8 With passive Q switching it is a fixed saturable absorber, created by a reverse biased section or ion implantation, that causes the pulse generation. As with gain switching, the laser cavity roundtrip frequency does not need to match that of any driving modulation, although with both active and passive Q switching pulsewidths are again limited to the picosecond range.
LASER DESIGN CONSIDERATIONS
The technique being used for this experiment is the active mode locking of a semiconductor laser. As previously discussed, the driving frequency of the RF supply to the device must match the roundtrip frequency of the laser cavity
is the need to increase the overall cavity length in order to achieve low enough pulse repetition frequencies for use in today's optical communications networks. External cavities are one design used to overcome this problem, and this section looks at the optimisation of a semiconductor laser design to be used in an external cavity configuration.
Requirements for external cavity operation
In an external cavity configuration (see Figure 1 ) it is desirable to have very low reflectivity at the semiconductor laser's inner facet to couple to the external cavity, whilst maintaining a high reflectivity at its output facet. With imperfect anti-reflection coatings at the inner facet, multiple pulses are generated at the semiconductor laser roundtrip frequency. 22 Such additional pulses are unwanted for most applications, and also reduce the power of the primary pulse. An inner facet reflectivity of 10 -4 is usually quoted 8 as a minimum value for acceptable mode locking operation, but facet reflectivities of the order of 10 -6 are needed to more completely suppress the formation of sub-pulses.
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A conventional laser (see Figure 2) will have cleaved facets providing a reflectivity of approximately 0.3 (30%). For the purpose of an external cavity design, this reflection is perfectly adequate for the semiconductor output facet but it is most undesirable for the internal facet that requires much lower reflectivities as already stated.
Reduced reflectivity facets
The following is a discussion of some of the different device geometries that can be used to reduce facet reflectivities, combined with research papers that involve the mode locking of such devices. 
Angled facets
Chen et al. 24 were one of the first to report the mode locking of a semiconductor laser with two low reflectivity facets achieved without the use of anti-reflection coatings.
o to the facets. Such angled facets give a decreased reflectivity due to the reduction in overlap between the reflected light and the guided mode in the laser (see Figure 3) . 11 ps pulses were generated at 0.2852 GHz through active mode locking. The use of angled facets in the device gave suitably low reflection that no sub-pulses were visible in the measurements.
Curved active regions
Yilmaz et al. 25 have reported mode locking of a semiconductor laser with one regular reflectivity facet and one with low reflectivity. This was achieved through a curve in the active region to create what is referred to as a 'bent waveguide' (see Figure 4) . One side is conventional with the active region normal to the facet, whereas a curve in the active region then causes it to be at an angle to the other facet and therefore have a lower reflectivity. In this experiment, anti-reflection coatings were also applied to the angled facet to further reduce the reflectivity out into an external cavity, with the conventional facet acting as one of the cavity mirrors.
Curved and tapered active regions
In addition to using an angled facet, another technique to achieving low reflectivity is to taper the active region and allow the mode in the device to expand. This expanded mode has a smaller divergence at the facet, therefore giving an even lower overlap between the reflected light at the angled facet and the lasers' guided mode 26 (see Figure 5 ). towards the angled facet. Their primary use for this feature was the higher powers that are obtainable due to the single mode wave moving to a wider multimode region. The reduced reflectivity is a side benefit in this case, and the paper reports this to be approximately 5 x 10 -5 after anti-reflection coatings were also added to the angled facet. Under passive mode locking no sub-pulses were visible, whereas when testing a similar device with a straight waveguide, the authors observed secondary pulses spaced by the cavity roundtrip time. semiconductor laser that has a curved waveguide to reduce the reflectivity at only one facet, and an active region that tapers down towards this facet in order to allow the guided mode to expand into an underlying passive waveguide.
Experimental device design
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In addition to the reduced reflectivity from this design, the expanded mode also gives rise to an improvement in the coupling efficiency and a relaxing of the alignment tolerances out into the external cavity. 29 The inner facet reflectivity of the device has been reported 28 to be 8 x 10 -6 , with the outer facet maintaining a conventional reflectivity of approximately 0.3. With a very low reflectivity at only one facet and an expanded mode waveguide, this device is ideal for use in an external cavity setup, and to the authors' knowledge this is the first time such a design of device has been mode locked.
The semiconductor structure being used for the experiments is approximately 1 mm in length and has a buried heterostructure design. Figure 6 shows its active layer, consisting of 8 quantum wells of In 0.84 Ga 0. 16 As 0.68 P 0.32 at 70 Å thickness, strained +1% with respect to the InP substrate. 140 Å thick barriers are composed of 1.3 µ m
InGaAsP with a strain of -0.5%, and a 100 Å thick separate confinement heterostructure (SCH) of the same composition is located at the top and bottom of the active region.
In Figure 7 a 
EXPERIMENT
The experimental apparatus and technique for active mode locking of the device will now be detailed.
Experimental configuration
As previously discussed, in order to reduce pulse repetition frequencies to those useful for telecommunications an external cavity configuration is required for the device. Figure 8 shows the apparatus layout. A 2 mm diameter antireflection-coated ball lens is used to couple light from the low reflectivity facet out into the external cavity. A grating selects a small group of modes (around 1 -2 nm from the approximately 200 nm output spectrum) for amplification through the semiconductor and subsequent mode locking, and can be tuned through a wavelength range of approximately 30 nm. The grating can move back and forth in order to adjust the external cavity length, thus allowing fine-tuning of the cavity round trip frequency. An optical fibre is brought up to the outer semiconductor facet to monitor the light output from the external cavity system. 32 The fibre has a tapered end in order to aid coupling with the output from the standard cleaved facet of the laser. Figure 9 shows a close up diagram and photograph of the orientation of the semiconductor laser and the location of its facets with respect to the ball lens and tapered fibre. With the chip length of 1 mm as a reference, it can be seen that the fibre and lens both have to be brought within micrometres of the facets in order to facilitate good coupling of the light. At such distances, the vertical alignment becomes extremely critical and must be carefully adjusted.
Mode locking technique
The external cavity length is set to approximately 5.6 cm, matching the system to a roundtrip frequency of 2.5 GHz. A DC bias is applied to the device and the alignment of the tapered optical fibre is optimised in 3 dimensions for maximum power coupling. The external cavity is then aligned to the semiconductor laser facet until a clear reflection peak can be seen in the output spectrum on an optical spectrum analyser.
With a DC bias of approximately twice the threshold current being applied, the RF at 2.5 GHz is switched on with the maximum power available. The fibre output is directed into an autocorrelator, via an optical amplifier, and the driving frequency of the RF is then fine-tuned in order to bring pulses into view if the mismatch with the roundtrip frequency was too great initially for any pulses to be created. The driving frequency, DC bias and grating angle are then adjusted to optimise the resulting pulses. The experiment was also repeated with a 10 GHz driving frequency, but the same 2.5 GHz cavity configuration, to obtain a 10 GHz optical pulse stream.
Pulse compression
The mode locked pulses are subject to chirp that is created in the mode locking process, and hence they can be compressed. In active mode locking there is a linear chirp component generated by the change of refractive index with carrier density, and a small nonlinear component due to the change of refractive index with electron temperature. 33 Experiments have shown that with active mode locking the lasing wavelength moves to longer wavelengths, known as red-chirp. In terms of compensating for red chirp, optical fibre that has positive ('normal') group velocity dispersion (GVD) can compress pulses. As red chirped pulses have leading edges with shorter wavelengths, this slows down the leading edge allowing the trailing edge to catch up and effectively compress the pulse. Lasing wavelengths will tend to be greater than the zero-dispersion wavelength of an optical fibre, and so red chirp can usually be compressed through the use of dispersion compensating fibre.
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For the purposes of this experiment, the mode locked pulses were compressed by a 100 m length of fibre with a dispersion of -90.6 ps/nm/km at 1550 nm. The compression was not optimised, but results are given to demonstrate that the pulses can indeed be compressed.
RESULTS
A batch of five identical devices has been mode locked in fundamental operation at 2.5 GHz, and also in harmonic operation at 10 GHz. The results obtained with each of the devices were similar within the experimental uncertai nties, and the results of a typical device will now be discussed. Applied RF powers were the maximum available from the equipment, with 35 dBm at 2.5 GHz (estimated to be around 170 mA), and 30 dBm at 10 GHz (approximately 56 mA). An increased DC bias (50 mA) was needed for satisfactory mode locking performance at 10 GHz to compensate for the reduced RF power, as compared with 30 mA for 2.5 GHz. The DC threshold current was 12 mA. Figure 10 shows autocorrelation functions of the mode locked pulses obtained at 10 GHz. With no compression, single pulses with an autocorrelation function full width at half maximum power (FWHM) of 14.8 ps were achieved, without any visible sub-pulses. With the non-optimised compression, this was reduced to 7.5 ps. The autocorrelation functions most closely match those due to symmetric two-sided exponential actual pulse shapes. With this assumption, the actual pulsewidths were 6.1 ps and 3.1 ps for the uncompressed and compressed pulses respectively. Figure 11 shows the spectrum obtained from these pulses. e expander has been actively mode locked at frequencies of 2.5 GHz and 10 GHz. Its conventional reflectivity outer facet, very low reflectivity inner facet, and expanded mode output with low divergence, make this device well suited to such an external cavity setup. Non-optimally compressed pulses of 2.9 ps at 2.5 GHz and 3.1 ps at 10 GHz were generated, with linewidths of 1.09 nm and 0.81 nm respectively. Together with its wavelength tunability, these features make the setup a candidate source for a multi-wavelength OTDM communications system. 
10 GHz results
